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ABSTRACT: The first systematic steady-state and time-resolved emission study of firefly
oxyluciferin (emitter in firefly bioluminescence) and its analogues in aqueous buffers
provided the individual emission spectra of all chemical forms of the emitter and the
excited-state equilibrium constants in strongly polar environment with strong hydrogen
bonding potential. The results confirmed the earlier hypothesis that excited-state proton
transfer from the enol group is favored over proton transfer from the phenol group. In
water, the phenol-keto form is the strongest photoacid among the isomers and its conjugate
base (phenolate-keto) has the lowest emission energy (634 nm). Furthermore, for the first
time we observed green emission (525 nm) from a neutral phenol-keto isomer constrained
to the keto form by cyclopropyl substitution. The order of emission energies indicates that
in aqueous solution a second deprotonation at the phenol group after the enol group had
dissociated (that is, deprotonation of the phenol-enolate) does not occur in the first excited
state. The pH-dependent emission spectra and the time-resolved fluorescence parameters revealed that the keto-enol
tautomerism reaction, which can occur in a nonpolar environment (toluene) in the presence of a base, is not favored in water.
1. INTRODUCTION
1.1. Background. The phenomenon of biochemilumines-
cence (commonly known as bioluminescence) is a fascinating
natural process by which living organisms convert chemical
energy into light. Such cold-light emission from a chemically
produced excited (chemiexcited) state is known for several
organisms, including certain species of bacteria, beetles, squid,
and worms.1−3 In the case of fireflies, the light-generating
reaction involves an enzyme (luciferase) that catalyzes
oxidation of the substrate (luciferin) by molecular oxygen, in
the presence of adenosine-5′-triphosphate (ATP) and Mg2+,
leading to formation of the emitting molecule (oxyluciferin,
OxyLH2) in its first excited state.
2,4,5 While relaxing to its
ground state, OxyLH2 emits a photon in the visible part of the
electromagnetic spectrum. The high luminescence quantum
yield of this process6 reflects not only a very efficient catalytic
machinery, but also a highly favorable microenvironment with
strongly deactivated nonradiative pathways. With its high
quantum yield6 and the exceptionally high signal-to-noise ratio
due to the absence of photoexcitation, the firefly bio-
luminescence stands out as the best candidate of choice for
bioimaging applications.7−12
The reaction chemistry and structure of the emitter are
identical for all known beetle luciferases;1,13 however, the
emission wavelength depends on the conditions and can vary
between 536 and 638 nm.14 Despite being essential to the
development of new bioanalytical tools, the chemical origin of
the color modulation remains poorly understood. According to
several debated photophysical mechanisms, the color modu-
lation likely occurs as a result of intramolecular and/or
intermolecular factors within the enzyme.15 The emitter is
generated by decomposition of the dioxetanone and release of
CO2 (Scheme 1). Because isolation of this highly unstable
species has not been achieved yet, most spectroscopic studies
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were performed by photoexcitation of either OxyLH2 alone or
its complex with the enzyme in solution.16
Even though the complex chemistry of OxyLH2 has spurred
extensive experimental3,6,16−27 and theoretical28−40 studies, the
photophysics of this “phantom molecule” remains poorly
characterized. It can exist in six different forms as a result of
ionization of two hydroxyl groups and the keto-enol
tautomerism of the 4-thiazolone subunit (Chart 1). The
intricate triple dynamic chemical equilibrium in solution is
strongly affected by the solvent, pH, and specific interactions
with bases.41−44 Moreover, the spectral properties of each
chemical form could be additionally affected in the enzyme by
the nature of the active site such as polarity, presence of
additional ions, and π−π stacking.42,45,46 Historically, the
phenolate-keto species has been considered the most viable
form for the emitting state.17,35,40 However, recent studies have
shown that the enol tautomer should not be excluded as
emitting species that is generated in the excited state.42,47,48
Moreover, ultrafast spectroscopic results have indicated
possible excited-state proton transfer (ESPT) from either of
the two hydroxyl groups (Scheme 1).47,49 Experimental50 and
theoretical51 studies of the firefly luciferin (the reaction
precursor) have shown that the photoluminescence pathways
of this closely related molecule also depend strongly on pH and
excitation wavelength.
One of the obstacles to complete understanding of the
deexcitation processes is the limited information on the excited-
state dynamics of the emitter in aqueous solutions. To
determine the accurate ground-state equilibrium constants of
OxyLH2, we have recently applied the multivariate curve
resolution−alternating least-squares (MCR-ALS) procedure
and deciphered the pH-dependent spectra of model com-
pounds where some ESPT processes or the enol-keto
equilibrium are blocked.43 The analysis provided for the first
time the absorption spectra and the pH-dependent concen-
tration profiles of the individual chemical forms of the emitter
devoid from the other species. Encouraged by this result, here
we apply a similar approach to investigate the emission spectra
and equilibrium constants in the excited state for all chemical
forms of OxyLH2. These parameters have not been determined,
even though they are essential for clarification of the related
photophysics. We prepared five analogues of firefly oxyluciferin,
including two new structural variants, 5,5-Cpr-OxyLH (Cpr =
(spiro)cyclopropyl) and 6′-Me-5,5-Cpr-OxyL (Chart 2).52 The
latter two compounds were used instead of the 5,5-dimethyl
analogue (5,5-DMeOxyLH), which in our hands proved to be
unstable under photoexcitation. The steady-state and time-
resolved emission experiments, performed in aqueous buffered
solutions within a physiologically relevant pH range, provided
for the first time the individual emission spectra of all
tautomeric and anionic variants of OxyLH2 as well as the
equilibrium constants in the excited state. In addition, the rate
constants of the fundamental photoreaction processes were also
determined.
2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The synthesis of OxyLH2 was
performed by our improved procedure.44 The model analogues
4-MeOxyLH, 6′-MeOxyLH, and 4,6′-DMeOxyL were synthe-
sized as previously reported.43 The synthesis and character-
ization of the new spirocyclic analogues 5,5-Cpr-OxyLH and
6′-Me-5,5-Cpr-OxyL will be reported elsewhere. Stock
Scheme 1. Thermal Decomposition of Dioxetanone (Unstable Intermediate) to Chemiexcited Firefly Oxyluciferin and Possible
Deexcitation Pathways of the Emitter
Chart 1. Possible Ground-State Chemical Forms of Firefly
Oxyluciferin in Solution
Chart 2. Derivatives of Firefly Oxyluciferin Studied in This
Work
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solutions of all compounds were prepared in spectroscopic
grade DMSO (Sigma-Aldrich) and stored in several aliquots at
−20 °C to minimize the freeze−thaw cycle. They were further
diluted 1000-fold to a final concentration of about a few μM in
aqueous buffer with different pH. The buffers were prepared by
diluting a 1 M stock solution in deionized, Millipore-purified
water (18.2 MΩ). Buffered stock solutions were prepared as
follows: 75 mM NaCl/20 mM KH2PO4/0.2 mM MgCl2 for pH
≤ 7.0 and 75 mM NaCl/25 mM Tris(hydroxymethyl)-
aminomethane (TRIS)/0.2 mM MgCl2 for pH > 7.0. The
buffer was separated into several fractions, and their pH (error
±0.02) was adjusted by 250 mM HCl or by 250 mM NaOH
separately at 20 °C (ΔpH ≈ 0.25). Separate buffers at different
pH were used in all spectral measurements.
2.2. Spectroscopy. Absorption spectra were recorded with
a Cary-4000 spectrometer (Agilent Technologies). Steady-state
fluorescence spectra were recorded with Fluorolog 3 spectro-
fluorometer (Horiba Jobin Yvon) with 3 nm excitation/
emission slit and corrected for the instrumental response
characteristics. The absolute quantum yield determined for
three selected compounds in phosphate buffered solution (Bio
Whittaker) at pH 7.4 and 20 °C was 0.49 ± 0.05 for 4,6′-
DMeOxyL, 0.65 ± 0.07 for 4-MeOxyLH, and 0.19 ± 0.02 for
5,5-Cpr-OxyLH. These compounds were selected as references
because they exhibit distinct emission band centered at 445,
560, and 637 nm, respectively. The fluorescence quantum
yields of the other compounds were determined by the
comparative method, using the equation ΦS = ΦR·(IS/IR)·
(ODR/ODS)·(nS
2/nR
2).53
The fluorescence decays of all compounds were measured by
the time-correlated single photon counting (TCSPC) techni-
que. Excitation pulse was provided by a femtosecond
Ti:sapphire laser (Coherent Chameleon Ultra II, 80 MHz,
200 fs, 3.8 W) coupled to either a pulse picker (4 MHz) and a
harmonic generator (SHG/THG, APE) for excitation from 300
to 500 nm, or an intracavity frequency doubled OPO (APE)
and a pulse picker (4 MHz) for 500 to 700 nm excitation. The
measurements of fluorescence lifetimes were performed using
the FT200 Picoquant spectrometer. The emission was collected
through a polarizer set at the magic angle and a Czerny-Turner
type monochromator, computer-controlled for the selection of
wavelength detection. The single-photon events were collected
by a cooled microchannel plate photomultiplier tube R3809U
(Hamamatsu) and recorded by a PicoHarp 300 TCSPC system
(PicoQuant). The instrumental response function was recorded
using colloidal silica (Ludox), and its full width at half-
maximum was ∼50 ps. All decays were collected until the
number of events reached 104 at the maximum. The recorded
decays were analyzed by the FluoFit software package version
4.6.6 (PicoQuant). The reduced χ2 was below 1.1. Weighted
residuals and autocorrelation function were used to check the
quality of the fits. In the case of nonexponential decays, the
stretched exponential model was used to estimate the time
constants.
3. RESULTS AND DISCUSSION
3.1. Selection of Model Compounds and Their pH-
Dependent Absorption Spectra. The photochemistry of
OxyLH2 in aqueous solution is quite complex because of its
triple equilibrium (ionization of both hydroxyl groups and keto-
enol tautomerization of the thiazole moiety). Similar to the
strategy of selective blocking of either hydroxyl group
employed earlier,42,43,54 we chose to study five compounds
that model different tautomeric and anionic variants of OxyLH2
(Chart 2). Specifically, 4,6′-DMeOxyL is a model for the
phenol-enol-OxyLH2 form, whereas 4-MeOxyLH and 6′-
MeOxyLH are analogous to the phenolate-enol-OxyLH− and
phenol-enolate-OxyLH− forms that are normally generated in
basic conditions. We also included in the analysis two
derivatives in which the 5,5-disubstitution pattern restricts the
thiazole portion to the keto tautomeric form; 5,5-Cpr-OxyLH,
whose phenol group is deprotonated in basic media, mimics the
phenolate-keto-OxyLH− form, while 6′-Me-5,5-Cpr-OxyLH is
a model for the neutral phenol-keto-OxyLH2 form. Notably,
Figure 1. Dependence of the absorption spectra of firefly oxyluciferin (OxyLH2) and its derivatives in aqueous solutions at different pH and
determination of the corresponding pKa values. The structural formulas are given in Chart 2. The spectra were recorded in aqueous buffers at
different pH (see section 2.1) at 20 °C. The concentration was 0.9, 6.0, 4.0, 1.0, 1.1, and 3.0 μM for 4,6′-DMeOxyL, 4-MeOxyLH, 6′-MeOxyLH, 6′-
Me-5,5-Cpr-OxyL, 5,5-Cpr-OxyLH, and OxyLH2, respectively.
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previous studies have relied on the doubly methylated analogue,
5,5-DMeOxyLH, to model the keto form.45,54,55 However, our
experiments indicated that this compound is not stable and in
fact, it is very photounstable (an important parameter for our
studies) in aqueous solutions, especially in basic conditions and
under UV excitation. Instead, we used cyclopropyl derivatives,
5,5-Cpr-OxyLH and 6′-Me-5,5-Cpr-OxyL (Chart 2), which
exhibit significantly better stability and photostability, as it was
concluded from the comparison of pH-dependent absorption
and emission spectra between 5,5-Cpr-OxyLH and 5,5-
DMeOxyLH (see Figure S1 in the Supporting Information,
SI). For 5,5-DMeOxyLH and 5,5-Cpr-OxyLH in basic
conditions and under UV excitation, a new photoproduct
with emission band at 530 nm is formed, which is assigned to
dianionic species (see section 3.4) that evolves after isomer-
ization and hydrolysis. The cyclopropyl group minimized such
photoreaction and increased the global stability in the ground
state and in the excited state. A minor influence of cyclopropyl
group can be observed on the absorption spectrum (Figure
1b,d, and SI Figure S1): the existence of a shoulder about 370
nm that does not exist for 5,5-DMeOxyLH. This shoulder is
assigned to a certain geometry constrained by the cyclopropyl
group on the thiazole ring. Indeed theoretical calculations
predict that the lowest excitation for 5,5-DMeOxyLH as well as
phenol-keto-OxyLH2 is a charge transfer transition (HOMO−
LUMO) from phenol part to thiazole ring and that the
geometry of the thiazole ring is nearly planar37,45 without a
cyclopropyl group.
The interpretation of the emission spectra required
characterization of the composition, concentration, and
absorbance spectra of OxyLH2 and its derivatives in the pH
range 5−11. The pH-dependent steady-state absorption spectra
are presented in Figure 1. The molecules that are constrained
to only two chemical forms (5,5-Cpr-OxyLH and 4-
MeOxyLH) present clear isosbestic points. The spectrum of
5,5-Cpr-OxyLH (Figure, 1d) indicates that the spectral
maximum of the phenolate ion of the keto form is strongly
red-shifted (482 nm) relative to the neutral form (388 nm).
The pKa = 7.8 is identical to and confirms the value previously
determined for 5,5-DMeOxyLH.43
However, extraction of the pure spectra of the species that
evolve from 6′-MeOxyLH and OxyLH2 was not straightfor-
ward and required a multiset-data analysis of the pH-dependent
absorption spectra of OxyLH2 and its derivatives. Following the
previously described approach,43 we used here different buffers
(see the Experimental Section) together with the new
cyclopropyl derivatives to evaluate eventual effects of the buffer
on the spectra. Application of such analysis (SI Figure S2)
afforded the pH-dependent concentration profiles and the
absorption spectra of the individual chemical forms at various
pH (Figure 2). In line with earlier results,43 the spectral maxima
of the chemical forms are aligned in the following order (Figure
6 and Figure S2, SI): phenol-enol-OxyLH2 (367 nm) < phenol-
keto-OxyLH2 (388 nm) < phenolate-enol-OxyLH
− (406 nm)
< phenol-enolate-OxyLH− (414 nm) < OxyL2− (425 nm) <
phenolate-keto-OxyLH− (482 nm). The distribution diagram
(Figure 2) shows that the contribution of the phenolate-enol-
OxyLH− form is negligible due to the significantly higher pKa
value of the phenol (pKa = 9.0) relative to the enol (pKa = 7.1)
group. In practice, the presence of this species in solutions of
OxyLH2 can be ignored.
The pKa values determined in TRIS buffer are slightly lower
than those in phosphate buffer.43 In particular, the phenol-
phenolate equilibrium for 4-MeOxyLH is lower by 0.2 pK
units, whereas the pKa constants for OxyLH2 are lowered by
0.3 units for the phenol-enol/phenol-enolate and 0.1 units for
the phenol-enolate/phenolate-enolate equilibrium, respectively.
Apparently, the chemical equilibria of OxyLH2 and its
derivatives are slightly sensitive to the ionic strength of the
buffer. Finally, the combination of the concentration profiles
and absorption spectra allows us to determine the absorption
contribution of each individual component at a given pH value
(Figure 2a). In turn, it is possible to precisely select the
excitation wavelength to preferentially excite a particular
chemical form of the emitter. For instance, at pH 8−9 (Figure,
2d and 2e) it is possible to selectively excite the phenolate-keto-
OxyLH− form (SI Figure S7) and to study its photodynamics
without significant contribution from the other forms.
The ground-state equilibria and the absorption spectra of the
conjugated acids and bases set the basis for the estimation of
the corresponding equilibrium constants in the excited state
(pKa*) by means of the Förster cycle.
53,56 Although this
method can only provide a qualitative estimate, it can be used
for assignment of the emissive species in the excited state (vide
infra). With an estimated pKa* = −2.6, the most photoacidic of
the studied compounds is 5,5-Cpr-OxyLH. This value places
this derivative in the group of “super-photoacids” (pK* < 0)
which undergo deprotonation even in alcohols and some other
organic solvents.57 On the other hand, 4-MeOxyLH has a
much higher pKa* value, estimated to 3.4. The comparison of
these values shows that the photoacidity of the phenol group is
strongly affected by the keto-enol tautomerism on the opposite
Figure 2. Absorption spectra and pH-concentration profiles of five
forms of firefly oxyluciferin obtained by MCR-ALS analysis. The
concentration of the phenolate-enol-OxyLH− form under these
conditions is negligible.
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terminus of the emitter. A similar effect was observed for the
acidity in the ground state. For the enol-enolate equilibrium in
6′-MeOxyLH, we estimate a pKa* value of 1.7.
In the case of OxyLH2*, five equilibria should be considered:
phenol-enol/phenol-enolate, phenol-enolate/phenolate-eno-
late, phenol-enol/phenolate-enol, phenolate-enol/phenolate-
Figure 3. Emission spectra of firefly oxyluciferin (OxyLH2) and its derivatives recorded in aqueous solutions at different pH. The chemical formulas
are given in Chart 2. Measurements were performed at room temperature (20 °C) in aqueous buffers at different pH (see section 2.1) and the
concentration was 0.9, 6, 4, 1, 1.1, and 3 μM for 4,6′-DMeOxyL, 4-MeOxyLH, 6′-MeOxyLH, 6′-Me-5,5-Cpr-OxyL, 5,5-Cpr-OxyLH, and OxyLH2,
respectively.
Table 1. Time-Resolved and Fluorescence Quantum Yield Fluorescence Data for Firefly Oxyluciferin and Its Derivatives (Chart
2) in Aqueous Solutionsa
neutral emission anionic emission
compound pH λex/nm λem/nm τ/ns pH λex/nm λem/nm τ/ns (%) ΦFl
4,6′-DMeOxyL 5−11 370 450 3.10 - 0.49
4-MeOxyLH 5 370 450 0.24b 5 370 560 0.21c 0.32
1.47 (11)
4.86 (89)
10 430 560 4.88 0.47
6′-Me-5,5-Cpr-OxyL 5−9 390 525 0.93 - 0.11
5,5-Cpr-OxyLH 5 390 525 <0.05b 5 390 640 0.16 (25) 0.18
0.61 (75)
10 520 640 0.63 0.26
6′-MeOxyLH 5 370 450 <0.05b 5 370 550 0.17 (42) 0.18
0.78 (32)
7.88 (26)
10 430 550 7.97 0.35
OxyLH2 5 370 450 <0.05
b 5 370 550 0.16 (52) 0.17 (50) 0.15
1.04 (8) 0.48 (7)
7.63 (40) 7.82 (43)
370 640 0.16 (12) 0.17 (41)
0.56 (80) 0.48 (49)
7.28 (8) 7.82 (10)
7.6 430 550 0.17 (32) 0.17 (17) 0.35
0.53 (19) 0.48 (7)
3.95 (6) 5.80 (19)
7.68 (43) 7.82 (55)
510 640 0.41 0.17 (2)
0.48 (98)
10 430 540 5.91 5.80 0.50
aThe constants for OxyLH2 obtained by using the global analysis method for all the decay are highlighted in boldface font.
bShort component of
nonexponential decay. cTime constant of the growing part.
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enolate and phenol-keto/phenolate-keto. In the ground state,
where the enol group is more acidic than the phenol group
(pKa = 7.1 versus pKa = 9.0), the pathway including phenol-
enol/phenolate-enol deprotonation (this is confirmed in
section 3.4, where the phenol group has a lower photoacidity
than the enol one in phenol-enol form, Table 2) and
subsequent phenolate-enol/phenolate-enolate deprotonation
can be excluded from consideration. Moreover, the equilibrium
phenol-enolate/phenolate-enolate is accompanied by a minor
difference between the respective absorption spectra, which
gives a pKa* of 7.5 and implies absence of ESPT in acidic and
neutral conditions. The deprotonation of the enol group gives
an estimated pKa* of 1.5 for the phenol-enol/phenol-enolate
equilibrium (note that this value is higher than the previously
reported values, between −0.5 and 0.5,49,58 and should be
corrected with the emission spectra; see section 3.4). For the
phenol-keto/phenolate-keto equilibrium, the calculated con-
stant is identical to that obtained for 5,5-Cpr-OxyLH (pKa* =
−2.6), indicating that only anionic species will be observed after
photoexcitation.
3.2. Emission Spectra of the Nonionizable Model
Compounds. The fluorescence spectra of 4,6′-DMeOxyL and
6′-Me-5,5-Cpr-OxyL recorded in buffered aqueous solutions
are presented in Figure 3a and 3b, and the corresponding
fluorescence decays are deposited as SI Figure S3. As expected
from the absence of acidic groups, the position and shape of
their spectra as well as the total fluorescence quantum yield and
fluorescence lifetimes do not evolve with pH in the studied
range (Figure 3, Table 1). 4,6′-DMeOxyL exhibits a single
broad band with a maximum at 445 nm, in good agreement
with the emission assigned to the neutral phenol-enol-OxyLH2
form (450−455 nm).54,58 The fluorescence quantum yield of
this compound was 49%, and the emission decayed
monoexponentially with a lifetime of 3.1 ns. On the other
hand, the emission maximum of 6′-Me-5,5-Cpr-OxyL, an
analogue of the phenol-keto-OxyLH2 form, was significantly
red-shifted from that of the phenol-enol-OxyLH2 model (4,6′-
DMeOxyL) counterpart, with a maximum at 525 nm and
monoexponential decay with a time constant of 0.9 ns. This
lifetime shortening could be attributed to increased contribu-
tion from nonradiative pathways due to the smaller energy gap.
The position of the emission maximum of 6′-Me-5,5-Cpr-
OxyL is noteworthy because phenol-keto-OxyLH2 has so far
been regularly reported as a blue emitter.42,55,58 That
assignment was based mainly on results obtained for the
model compound 5,5-DMeOxyLH in organic solvents. Due to
the very high photoacidity of this compound (pK* = −3.91),55
the emission of its neutral form cannot be recorded in water,
even in quite acidic solution, and only the spectrum of the
phenolate anion is observed. The deprotonation is inhibited in
many organic solvents, such as benzene, chloroform, and
acetonitrile. However, Hirano et al. showed that the emission of
5,5-DMeOxyLH depends on polarity.45 Hence, the results
obtained in organic solvents cannot be merely extrapolated to
very polar solution (water). The same authors provided insight
into the emission of the keto-OxyLH2 form in water by
blocking the ionization of the 6′-OH group by methylation of
5,5-DMeOxyLH. However, the product (6′-Me-5,5-DMeOx-
yL) was unstable, and the emission could only be estimated as
green light (∼535 nm). By contrast, the derivative studied here
6′-Me-5,5-Cpr-OxyL is stable in water within the pH range 5−
9, and its green emission could be recorded without difficulties.
This result indicates that the phenol-keto-OxyLH2 form,
normally identified in nonaqueous solutions as a blue emitter,
could emit green light in very polar and strong hydrogen
acceptor solvent such as water. However, similar to the case of
6′-Me-5,5-DMeOxyL,45 the electronic effects could not be
excluded42 as a possible reason for the observed shift.
3.3. Emission Spectra of the Ionizable Model
Compounds. The fluorescence spectra of 4-MeOxyLH, 5,5-
Cpr-OxyLH, and 6′-MeOxyLH recorded in aqueous solutions
within the pH range 5−11 are presented in Figure 3. The
spectra of 4-MeOxyLH and 5,5-Cpr-OxyLH were recorded at
an excitation wavelength that corresponds to the isosbestic
points of 383 and 422 nm (Figure 1a and 1b). 5,5-Cpr-OxyLH
was always irradiated in the visible region. Excitation to higher
excited states leads to the formation of a new photoproduct
that has a characteristic specific emission at 530 nm, which was
Figure 4. Fluorescence decays of derivatives of firefly oxyluciferin measured in acidic and basic buffered aqueous solutions. The chemical formulas
are given in Chart 2.
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particularly pronounced in basic conditions for UV excitation
(SI Figure S1). 6′-MeOxyLH was excited at 370 nm where the
absorption was least sensitive to pH.
The spectra of 4-MeOxyLH in acidic solutions are composed
of two bands (Figure 3c). At the lowest studied pH (5) the
strong band centered at 560 nm from the ion is accompanied
by a weaker band at ∼450 nm from the neutral form, in
accordance with the spectrum of 4,6′-DMeOxyL. This
assignment is supported by the time-resolved fluorescence
decays recorded in acidic solution (pH 5). As shown in Figure
4a, by excitation of the neutral form (absorption at 370 nm),
the emission band at 450 nm is strongly quenched and decays
nonexponentially. Simultaneously, the fluorescence band at 560
nm rises (Figure 4a) with a time constant corresponding to
proton transfer rate and disappears biexponentially with
lifetimes 1.5 and 4.9 ns (Figure 4, Table 1), where the first
component corresponds to geminate proton quenching (SI
Figure S6). In agreement with a pKa* value of about 3.4 (see
section 3.1), the 450 nm band completely vanishes in basic
solution where only the deprotonated excited state contributes
to the emission (Figure 3c). At pH 10, the deprotonation
occurs already in the ground state so that growing of the
luminescence and, expectedly, geminate recombination was not
observed. The emission at 560 nm was thus characterized by a
monoexponential decay with a time constant identical to that of
the longer component (4.9 ns) measured at pH 5 (Table 1).
Thus, the spectrum recorded at high pH establishes a viable
model for the fluorescence signature of the phenolate-enol-
OxyLH− form.
To obtain the spectral signature of the phenolate-keto-
OxyLH− form, we examined the spectra of 5,5-Cpr-OxyLH. In
contrast to 4-MeOxyLH, the shape and position of the spectra
did not evolve with pH, and only one band with a maximum at
637 nm was observed (Figure 3d). This result can be explained
by the much higher photoacidity of this compound, which
undergoes very efficient ESPT throughout the whole pH range
studied here. The fluorescence decay recorded at 520 nm,
corresponding to the neutral form keto-OxyLH2, reveals a
bimodal process (Figure 4d) with the short component
corresponding to the instrumental response function (IRF) of
the setup (<50 ps). Thus, ESPT from the phenol group is a
very fast process, and only emission from the deprotonated
form of the molecule could be observed with steady-state
spectroscopy. The maximum at 637 nm is in very good
agreement with the data reported previously for the phenolate-
keto emission based on the 5,5-DMeOxyLH derivative.45,55 It
is worthy of note that deexcitation of the phenolate-keto anion
exhibits a time constant τ = 0.6 ns and is several times faster
than the corresponding phenolate-enol form (τ = 4.9 ns;
compare with the data in Figure 4a and Table 1). As mentioned
above, the weak emission and the long tail at 530 nm at basic
pH are due to photodegradation and should not be taken into
account when the spectra of the phenolate-keto form are
considered.
To obtain insight into the emission properties of phenol-
enolate-OxyLH−, we turned to 6′-MeOxyLH, where the
dissociation of the phenol group is blocked. This derivative
exhibits a broad intense emission at ∼550 nm (Figure 3e). The
strong photoacidity that was qualitatively evaluated above
indicates that in the studied pH range, the emission of 6′-
MeOxyLH originates mainly from the enolate ion. Indeed, the
fluorescence decay recorded at 450 nm has a nonexponential
character with IRF signature at short time scale (Figure 4c),
confirming the very fast and efficient ESPT from the enol
group. However, it is already known from the absorption
spectra43 that this compound can exist as a mixture with ∼30%
keto form at pH = 5. As a consequence, the contribution of this
tautomer (exclusively in the neutral form due to blocked
phenol deprotonation) to the emission spectra of 6′-MeOxyLH
cannot be excluded, especially at acidic pHs. Indeed, thorough
Figure 5. Normalized emission spectra of firefly oxyluciferin in aqueous solution at different pH and excitation wavelengths.
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analysis of the pH-dependent spectra (Figure 3e) reveals a
small blue shift of the spectrum from 555 nm at pH 11 to 550
nm at pH 5. This energy change could be explained by
superposition of two broad and strongly overlapping
components in the spectrum recorded in acidic medium: a
minor component that corresponds to the neutral keto
tautomer that emits at ∼525 nm (compare with 6′-Me-5,5-
Cpr-OxyL) and a major component that originates from the
enolate anion, with a maximum at 555 nm. At higher pH, the
first species is depleted, and at basic pH only emission from the
pure enolate form could be observed.
To support this interpretation, we recorded the emission
spectrum of 6′-MeOxyLH at pH 5 after excitation at 430 nm
(SI Figure S4). Under these conditions, the excitation of the
keto tautomer is strongly favored because of the superior
absorption coefficient relative to the other species.43 Its
contribution to the emission in the resultant spectrum was
more pronounced, and the blue shift of the maximum toward
535 nm became more apparent. Moreover, the presence of the
keto tautomer was also manifested in the time-resolved
fluorescence. The decay recorded in acidic solution at 550
nm was multiexponential with time constants of 0.17, 0.8, and
7.9 ns (Figure 4 and Table 1). The first value is attributed to
geminate quenching. The second component corresponds well
to the lifetime of 6′-Me-5,5-Cpr-OxyL (0.9 ns, compare with
the data in Table 1). At pH 10 the decay recorded at 550 nm
was monoexponential with time constant ∼8 ns. This result
shows that the keto tautomer is not present in basic solution,
and the spectra recorded under such conditions correspond to
emission from the phenol-enolate-OxyLH−.
3.4. Emission Spectra of Oxyluciferin (OxyLH2). The
presence of five chemical forms strongly complicates the
accurate spectral characterization of the pH-dependent
emission of the real emitter (OxyLH2), which also is the
most intricate part of the analysis. To decipher the individual
contributions, the fluorescence spectra of OxyLH2 were
recorded at three different excitation wavelengths, UV
excitation at 370 nm, and visible excitation at 430 and 510
nm (Figure 5). The selective photoexcitation greatly facilitated
the interpretation of the spectra. The relative absorption
intensities of the six chemical forms of OxyLH2 at selected pH
are listed in Figure 2.
Excitation at 370 nm. In acidic conditions (pH < 8), the
dominant species excited at 370 nm are phenol-enol-OxyLH2
and phenol-keto-OxyLH2 (Figure 2b,c). Assuming strong
photoacidity in the excited state for enol group for phenol-
enol form (pKa* is higher for enol than for phenol comparing
results obtained for 6′-MeOxyLH and 4-MeOxyLH, Table 2)
and for phenol group for phenol-keto form, we can conclude
that the first species should be deprotonated to phenol-enolate-
OxyLH−, whereas the second should be deprotonated to
phenolate-keto-OxyLH−. The efficient ESPT from the enol
group is clearly visible in the time-resolved curve recorded at
wavelength corresponding to the phenol-enol-OxyLH2 form
(450 nm). The recorded decay indicates that the emission from
the neutral form is strongly quenched and the proton transfer
time constant is <50 ps (instrument response function) (Figure
5b, Table 1). Erez et al. evaluated this value to 45 ps.49 Taking
into account the possible deprotonation of the phenol group,
the fluorescence spectrum measured under such conditions
should contain contributions from both species. In line with our
expectations, a dominant contribution comes from the phenol-
enolate-OxyLH− form (555 nm) because of its higher
abundance and higher fluorescence quantum yield relative to
phenolate-keto-OxyLH− (637 nm). Moreover, the contribution
of this last species is clearly seen from the long wavelength tail
of the recorded spectrum that extends beyond 600 nm
(compare with the emission of 6′-MeOxyLH in Figure 3e).
In addition to geminate recombination, at pH 5 the
fluorescence decay recorded at 640 nm clearly shows two
species with fluorescence time constants ∼0.5 ns and ∼7.3 ns.
The former value is fully in line with the lifetime of the
phenolate-keto-OxyLH− form determined by consideration of
5,5-Cpr-OxyLH (see section 3.3), whereas the latter is in good
agreement with the fluorescence lifetime of phenol-enolate-
OxyLH− (7.9 ns; Table 1) determined for 6′-MeOxyLH. By
increase of pH, the contribution from the keto tautomer
becomes marginal and the most abundant species are phenol-
enolate-OxyLH− and OxyL2− (Figure 2d and 2e). As a result,
the observed emission spectra are slightly blue-shifted and are
attributed to a mixture of monoanionic and dianionic form. The
emission of the dianion becomes dominant for pH > 9 due to
negligible concentration of other species in the ground state
(Figure 2f,g). Therefore, the spectrum recorded at pH = 11
with maximum at 539 nm can be assigned to OxyL2−. This
emission is blue-shifted compared to that of the monodeproto-
nated form (phenol-enolate-OxyLH−) and also has a shorter
lifetime, ∼5.9 ns (Table 1).
Excitation with Visible Light. Photoexcitation at lower
energy leads to different photoluminescence pathways. In acidic
solutions (pH 6 and 7) after 510 nm excitation, the major
absorbing species is the phenolate-keto-OxyLH− form (SI
Figure S7). Thus, the emission spectrum after 510 nm
excitation is dominated by the phenolate-keto-OxyLH− form
and features a band at 634 nm, which is slightly blue-shifted
when compared to the 637 nm band of 5,5-Cpr-OxyLH in
basic solution. The fluorescence decay at 640 nm is nearly
monoexponential with a lifetime of 0.4 ns (Figure 5b, Table 1),
indicating that the phenolate-keto-OxyLH− is the dominant
species. At pH 8 and 9, a shoulder around 540 nm appears from
OxyL2−, in line with a pH-dependent increasing abundance of
this species due to deprotonation of phenol-enolate-OxyLH− in
the ground state. The emission decay at pH 7.6 after excitation
at 430 nm detected at 550 nm shows a mixture of all species
(Figure 5d, Table 1) and by comparison with excitation at 510
nm, phenolate-keto (0.53 ns), OxyL2− (3.95 ns) and phenol-
enolate-OxyLH− (7.68 ns). At pH 10, the intensity of the red
band decreases considerably in favor of the green emission
from OxyL2− (∼540 nm), which becomes dominant at pH 11
with a lifetime of 5.91 ns.
The above analysis provides arguments for assigning the
emission spectra of the individual chemical forms of firefly
OxyLH2, plotted in Figure 6. Interestingly, the order of
emission energies does not exactly reflect the order of the
absorption energies (Table 2). The order of emission energies
is phenol-enol-OxyLH2 (445 nm) > phenol-keto-OxyLH2 (525
nm) > phenolate-enolate-OxyL2− (539 nm) > phenol-enolate-
OxyLH− (555 nm) > phenolate-enol-OxyLH− (560 nm) >
phenolate-keto-OxyLH− (634 nm). Furthermore, for OxyLH2
the decay luminescence analysis shows that in excited state only
three species (phenol-enolate, phenolate-keto, and phenolate-
enolate) are observed with one decay for geminate recombi-
nation (0.17 ns) without any ESPT growing signal. This is in
line with the results that the enol group in the phenol-enol
form (phenol group has higher pKa*, Table 2) and the phenol
group in the phenol-keto form are strong photoacids.
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Accordingly, in addition to single wavelength lifetime analysis, a
global decay analysis with four time constants was performed,
one for each species and one for geminate recombination
(Table 1) to arrive at more precise values for the phenol-
enolate (7.82 ns), phenolate-keto (0.48 ns) and phenolate-
enolate (5.80 ns) forms. At different excitation wavelengths and
pH range, no growing signals were found in water contrary to
time-resolved spectra in toluene,47 which were indicative of
isomerization or ionization from the phenolate-keto form or the
phenol-enolate form to the phenolate-enolate form. This is in
agreement with the order of emission energies of the
phenolate-keto and phenol-enolate forms (adding to that,
monoionic species were reported to be more stable in the
ground state than dianionic species37), which seem to prevent
conversion in the first excited state to phenolate-enolate form
because they are at lower energy.
3.5. Equilibria and Photodynamics in the Excited
State. Having determined the emission energies of all model
compounds in their neutral and (wherever possible) anionic
forms, the values for the estimated excited-state equilibrium
constants (see section 3.1) can be corrected and refined. The
pKa* values recalculated by using the Förster cycle theory and
the intersection points of the mutually normalized absorption
and emission spectra of the conjugated acid−base pairs are
presented in Table 2. Information about the excited-state
equilibrium constants can also be derived from fitting
nonexponential fluorescence decays of a conjugated acid to
the numerical solution of the Debye−Smoluchowski equation.
This method, known as the spherically symmetric diffusion
problem (SSDP) approach, was recently successfully applied to
various photoacids.59
The fluorescence decay at the wavelength corresponding to
the neutral emitter band typically displays a bimodal character.
The short decay component corresponds to emission from the
neutral emitter quenched by ESPT (with rate constant kPT),
whereas the long tail is attributed to the reversible geminate
recombination process (kr) (SI Figure S6). Such nonexponen-
tial decay is clearly visible in the emission from 4-MeOxyLH
recorded at 450 nm (Figure 4a). The fitting procedure
employed by using the SSDP software of Krissnel and
Agmon59 provided the rate constants of the proton transfer,
kPT = 4.1 × 10
9 s−1, and geminate recombination in the excited
state, kr = 17 × 10
9 Å s−1. The ratio kPT/kr
57 gives pKa* = 2.0, in
reasonable agreement with the value obtained by Förster cycle
analysis. Unfortunately, the emission decays of the non-
dissociated forms of the other compounds are nearly as short
as our instrumental response (∼50 ps), and the SSDP approach
could not be applied.
In contrast to the reversible recombination, the irreversible
process takes the molecule to the ground state with rate
constant kq (SI Figure S6). This process is characterized by the
presence of a short component in the fluorescence decay of
anionic species in acidic conditions. This component is absent
in basic solutions because the molecule is deprotonated before
excitation (Figure 4b, Table 1). Interestingly, the relative
contribution of this short component throughout the decay
depends on the functional group of the photoacid. 4-
MeOxyLH exhibits a time constant ∼1.5 ns with relative
amplitude of 11%, whereas 6′-MeOxyLH has a component of
0.17 ns with an amplitude of 42%. This result indicates that the
irreversible geminate proton quenching is significantly more
effective for the enol group. OxyLH2 has the highest
contribution from the short decay component (52%) because
the quenching takes place at both deprotonation sites.
5. CONCLUSIONS
A combination of model compounds with thorough study of
the pH-dependent steady-state and time-resolved fluorescence
spectra revealed, for the first time, the emission spectra and
luminescence lifetimes for all tautomeric forms and protonation
states of firefly oxyluciferin in TRIS-buffered aqueous solutions.
Using the Förster cycle approach, the excited-state equilibrium
constants were also calculated. The most important conclusions
from this study are as follows:
(1) Unlike some previous observations42 with blue emission
from the neutral phenol-keto isomer in nonaqueous
solutions, we found a keto-oxyluciferin analogue (a
cyclopropyl derivative) which is a green emitter (525
nm) in aqueous solution.
Figure 6. Absorption (top panel) and emission (bottom panel) spectra
of individual chemical forms of firefly oxyluciferin based on the MCR-
ALS procedure.
Table 2. Spectroscopic Parameters and Equilibrium
Constants for Firefly Oxyluciferin and Its Analogues in
Aqueous Solutions
λabs/nm λem/nm
compound neutral anion pKa neutral anion pKa*
4,6′-
DMeOxyL
367 - - 445 - -
4-MeOxyLH 367 406 8.7 ∼450 560 0.9 ± 0.3
6′-MeOxyLH 371 414 7.3 ∼450 555 −0.3 ± 0.3
6′-Me-5,5-
Cpr-OxyL
388 - - 525 - -
5,5-Cpr-
OxyLH
388 482 7.8 n.d.a 637 −1.0 ± 0.5
OxyLH2 371 414
b 7.1e ∼450 539c −0.9 ± 0.5g
−0.5 ± 0.3e555b
425c 9.0f 1.2 ± 0.3h
634d 7.5 ± 0.3f
an.d. = not detectable. bPhenol-enolate-OxyLH−. cOxyL2−. dPheno-
late-keto-OxyLH−. ePhenol-enol/phenol-enolate. fPhenol-enolate/
phenolate-enolate. gPhenol-keto/phenolate-keto. hPhenol-enol/phe-
nolate-enol.
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(2) We confirmed earlier conclusions47 that ESPT from the
enol group of the phenol-enol form is more favorable in
the excited state than ESPT from the phenol group.
(3) The phenol-keto form is the strongest photoacid among
the isomers.
(4) The phenolate-keto ion has the lowest emission energy
(634 nm).
(5) The order of emission energies of the chemical forms of
oxyluciferin and global analysis of the fluorescence decay
indicates that some processes in the first excited state are
not likely to take place in strongly polar environment
with strong hydrogen bonding potential, such as water.
In particular, a second deprotonation at the phenol group
after the enol deprotonation (i.e., deprotonation of the
phenol-enolate) is not likely to occur in the excited state.
Moreover, the keto-enol tautomerism reaction, observed
previously in toluene in the presence of a strong base,47 is
not favorable in water.
Finally by combining these data with our previous results as
well as with the equilibrium constants determined in this work,
we can propose Scheme 2 for the complete photoluminescence
cycle of OxyLH2 in a wide pH range in buffered aqueous
solution. These results could be useful to gain better insight
into the firefly bioluminescence. Indeed although these results
do not directly apply to the luciferase where the active site is
considered to be of low polarity, they provide support to the
hypothesis that the excited-state potential energy surface and
the related dynamics are affected by the environment of the
active site.
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